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In the Drosophila adult visual system, photoreceptor axons and their connecting interneurons are tied into a retinotopic pattern throughout the
consecutive neuropil regions: lamina, medulla and lobula complex. Lamina and medulla are joined by the first or outer optic chiasm (OOC).
Medulla, lobula and lobula plate are connected by the second or inner optic chiasm (IOC). In the regulatory mutant In(1)ombH31 of the T-box gene
optomotor-blind (omb), fibers were found to cross aberrantly through the IOC into the neuropil of the lobula complex. Here, we show that In(1)
ombH31 causes selective loss of OMB expression from glial cells within the IOC previously identified as IOC giant glia (ICg-glia). In the absence
of OMB, ICg-glia retain their glial cell identity and survive until the adult stage but tend to be displaced into the lobula complex neuropil leading
to a misprojection of axons through the IOC. In addition, adult mutant glia show an aberrant increase in length and frequency of glial cell
processes. We narrowed down the onset of the IOC defect to the interval between 48 h and 72 h of pupal development. Within the 40 kb of
regulatory DNA lacking in In(1)ombH31, we identified an enhancer element (ombC) with activity in the ICg-glia. ombC-driven expression of omb
in ICg-glia restored proper axonal projection through the IOC in In(1)ombH31 mutant flies, as well as proper glial cell positioning and morphology.
These results indicate that expression of the transcription factor OMB in ICg-glial cells is autonomously required for glial cell migration and
morphology and non-autonomously influences axonal pathfinding.
© 2007 Elsevier Inc. All rights reserved.Keywords: Drosophila; Optic chiasm; Glia; Optomotor-blind; T-box; Visual system development; Cell migration; Axonal pathfinding; GliopodiaIntroduction
In the developing nervous system, axonal growth cones are
guided towards their target region by a variety of cues, which
can be presented by several different cell types along the way,
such as other neurons or glial cells. Presentation and
interpretation of attractive and repellent signals are crucial for
correct axonal pathfinding. Proper neuronal connectivity also
requires the establishment of confined neuronal compartments,
which are separated by glial septa (Younossi-Hartenstein et al.,⁎ Corresponding author. Present address: Skirball Institute for Biomolecular
Medicine, Department of Cell Biology, New York University School of
Medicine, New York, NY 10016, USA.
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doi:10.1016/j.ydbio.2007.10.0112003). In Drosophila, glial cells have been shown to be
involved in a number of steps in the development of the nervous
system, such as axonal guidance (discussed in more detail
below), axonal pruning (Awasaki and Ito, 2004; Watts et al.,
2004), synapse function (Allen and Barres, 2005; Auld et al.,
2003; Auld and Robitaille, 2003) and neuronal survival (Booth
et al., 2000; Buchanan and Benzer, 1993; Xiong and Montell,
1995; for reviews, see Chotard and Salecker, 2004; Edenfeld
et al., 2005; Kretzschmar and Pflugfelder, 2002; Tayler and
Garrity, 2003).
In the embryonic CNS, midline glia present guidance cues to
commissural axons such as the attractive signal Netrin and the
repellent Slit (Jacobs, 2000). Longitudinal and segment
boundary (SBC) glial cells have been identified as guidepost
cells for outgrowing motor axons (Auld, 1999). However, there
is no absolute requirement for these glial cells as indicated by
the overall normal axonal patterning in glia cell missing (gcm)
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et al., 1995; Jones et al., 1995; Sepp et al., 2001). On the other
hand, a clear role for glial cells has been established in the
development of the adult Drosophila visual system. Lamina
glia are required as intermediate targets for R1–R6 photo-
receptor axons. Two different kinds of processes have been
recognized. First, lamina glia need to migrate correctly to their
final position within the developing lamina, a process which is
affected in nonstop and JAB1/CSN5 mutants (Poeck et al.,
2001; Suh et al., 2002). Second, lamina glial cells are likely to
display signals to the arriving R1–R6 growth cones instructing
them to halt their growth. No such signal has been identified so
far. While several genes have been identified as being required
neuronally for R1–R6 axon targeting to the lamina (Garrity
et al., 1999; Martin et al., 1995; Newsome et al., 2000; Rao
et al., 2000; Ruan et al., 1999, 2002; Senti et al., 2000; Suh
et al., 2002), nonstop remains the only one reported to play a
role in the lamina glial cells (Poeck et al., 2001).
Altered axonal projection patterns can also be a secondary
result of a disruption of neuronal compartment integrity. The
four neuronal compartments in the Drosophila optic lobes
(lamina, medulla and lobula complex, comprised of lobula and
lobula plate) are descendants of two different progenitor
regions, the outer and the inner optic anlage (Hofbauer and
Campos-Ortega, 1990; Meinertzhagen and Hanson, 1993;
Younossi-Hartenstein et al., 1996). Cell populations derived
from different anlagen come to lie in close proximity during
development without intermingling, such as the lamina neurons
and glia derived from the outer optic anlage and the lobula
cortex neurons formed by the inner optic anlage (Dearborn and
Kunes, 2004; Hofbauer and Campos-Ortega, 1990; Meinertz-
hagen and Hanson, 1993). In certain mutants, the mixing of
cells across the border of these two neuropils results in the
disorganization of lamina glia correlated with aberrant projec-
tions of R1–R6 to the medulla (Fan et al., 2005; Tayler et al.,
2004). The border between lamina and lobula cortex was shown
to depend on the presence of secreted Slit around lamina glia
and expression of the Slit receptor Robo on distal cells of the
lobula cortex (Tayler et al., 2004). Also, the glycosyl transferase
Egghead is required in the lobula cortex primordium for
compartment border integrity. In egghead mutants, defects in
boundary formation can be visualized as disruptions in the
curtain between lamina and lobula cortex generated by sheath-
like glial cell processes (Fan et al., 2005).
In the Drosophila optic lobes (OL), photoreceptor axons and
their connecting interneurons are organized in a retinotopic
pattern, in which the dorso-ventral and anterior–posterior
relations between retinal photoreceptor cells are preserved at
the interneuron level throughout the proximal neuropil regions.
The relative spatial relationships are retained within the
individual neuropils even though the bulk orientations of the
medulla and lobula complex are distinctly shifted (by rotation
and translation) relative to the coordinates of the retina. The four
OL neuropil regions are connected by two chiasmata: the first or
outer optic chiasm (OOC) connects lamina and medulla, the
second or inner optic chiasm (IOC) connects medulla, lobula
and lobula plate.Currently, little is known about structure and development of
the Drosophila IOC. A model of fiber paths connecting the
three neuropils, which surround the IOC was proposed based on
studies of larger Dipteran flies (Braitenberg, 1968, 1970).
According to this model, which is likely to hold also for Dro-
sophila, medulla and lobula plate as well as lobula and lobula
plate are connected retinotopically in a horizontal plane by non-
inverted connections, whereas medulla and lobula are con-
nected via two types of inverted fiber paths.
Both chiasmata contain glial cells, which can be distin-
guished from other optic lobe glia by their position, morphology
and the expression of specific genetic markers (Tix et al., 1997;
for a description of all glial cell types found in the optic lobes,
see Dearborn and Kunes, 2004; Eule et al., 1995). Because of
their large nuclei and cell bodies the IOC glia were termed
“giant” (g), hence ICg-glia (Tix et al., 1997). Along the dorso-
ventral axis, ICg-glia and fiber bundles that cross the IOC are
arranged in an alternating pattern (Dearborn et al., 2002; Tix
et al., 1997). The ICg-glia, like fiber tract glia in other systems,
serve to insulate these tracts from one another by wrapping them
with thin cytoplasmic extensions (Tix et al., 1997).
In certain combinations of optomotor-blind (omb) alleles,
projection defects are observed in the IOC (Brunner et al.,
1992). omb encodes a transcription factor of the T-Box family
of DNA-binding proteins (Pflugfelder and Heisenberg, 1995;
Pflugfelder et al., 1992). omb was first identified in a screen for
genes required for proper large field optomotor response
(Heisenberg et al., 1978). omb is expressed in several cell
types and tissues during embryonic and larval development
(Grimm and Pflugfelder, 1996; Poeck et al., 1993). In the visual
system, OMB is found in many types of glial cells including the
three types of lamina glia: satellite, epithelial and marginal glia
(Dearborn and Kunes, 2004; Huang and Kunes, 1998; Poeck et
al., 1993). omb transcription is under the control of numerous
enhancers located up- and downstream of and within the
transcription unit (Sivasankaran et al., 2000). A 45-kb
regulatory region downstream of the transcription unit was
identified and named “optic lobe regulatory region” (OLR) due
to the fact that deletions of parts or of the entire region lead to
various neuroanatomical defects within the optic lobes which
are associated with defects in visual behavior. The OLR was
dissected into three subregions by use of deletion and inversion
mutants removing successively larger parts of the regulatory
region, with OLR1 lying closest to and OLR3 farthest away
from the transcription unit (Brunner et al., 1992). In mutants in
which OLR2+3 are deleted, a disruption of the IOC manifests
itself with ectopic fibers invading the adult lobula complex
which is not seen in mutants in which OLR3 alone is lacking.
The severity of the phenotype is increased when the entire OLR
is deleted. Other behavioral and neuroanatomical phenotypes,
apparently unrelated to the IOC defect, are seen in these
mutants, such as a reduced number of fibers in the anterior optic
tract, the loss of the lobula plate giant horizontal and vertical
cells and a reduction of the large field response (Brunner et al.,
1992).
Projection defects through the IOC as a result of mutations in
other genes have been described before (see discussion) but a
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yet been demonstrated. Here, we report a requirement of omb
expression in ICg-glial cells for IOC integrity. In omb mutants
lacking OLR2, the selective loss of omb expression from
ICg-glial cells was associated with a disruption of the adult
IOC. The structural IOC defect appears to be caused by local
mismigration of ICg-glial cells and possibly by the extension of
gliopodia of aberrant length.
Results
Previously, several deletion and inversion mutations were
used to analyze the function of the downstream regulatory region
of the omb transcription unit (Brunner et al., 1992). Neuroana-Fig. 1. omb locus and IOC phenotype. (A) Schematic presentation of the omb locus. T
region (URR), transcription unit (TU) and optic lobe regulatory region (OLR). The
chromosomal aberrations indicated above the bar. The omb exon–intron pattern is dr
and position of genomic fragments tested for enhancer activity. The scale is in kiloba
enhancer trap line drives expression of UAS-lacZ in neurons which send processes
Frontal adult head cryostat sections of Mz826N lacZ in a wild-type (B) and in an In(1
(brown HRP-product). Arrows in panel C indicate fibers aberrantly cutting into the lob
rostro-caudal axis than the one in panel B and therefore does not contain the large htomical and behavioral phenotypes mainly affecting the visual
system are caused by the loss of blocks of downstream sequence,
hence the term “optic lobe regulatory region” (OLR). The distal
and proximal endpoints of the OLR are defined by the distal
breakpoints of the deficiencies Df(1)ovo41 and Df(1)ovoD1rG7,
respectively (Fig. 1A). The 45 kb of genomic sequence defined
by these breakpoints were further subdivided into three regions
termed OLR 1 to 3 by use of the distal inversion breakpoint of
In(1)ombH31 as the border between OLR1 and 2 and the distal
breakpoint of Df(1)rb5 at the boundary between OLR2 and 3
(Fig. 1A). The sizes of the different regions are 4.2 kb for OLR1,
28.6 kb for OLR2 and 12.2 kb for OLR3. Here, we will focus on
the disruption of the adult inner optic chiasm caused by the lack
of OLR2.he top bar shows approximate size and position of the omb upstream regulatory
OLR is subdivided into three subregions based on the distal breakpoints of the
awn below. At the bottom, alphabetically labeled boxes indicate the relative size
se with position 1 at the omb transcription start point. (B, C) The Mz826-GAL4
through the inner optic chiasm between medulla (M) and lobula complex (L).
)ombH31 mutant genetic background (C) were stained with anti-β-galactosidase
ula complex. The section in panel C is at a slightly more posterior level along the
orizontal commissure.
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ICg-glial cells
The omb inversion allele In(1)ombH31 lacks the regulatory
regions OLR2+3. In paraffin sections of In(1)ombH31 mutant
brains, a disruption of the IOC is apparent by incisions into the
lobula complex neuropil most likely caused by fibers aberrantly
projecting through the IOC (Heisenberg et al., 1978). The IOC
appears largely wild type in paraffin sections of heteroallelic In
(1)ombH31/Df(1)rb5 flies, which lack OLR3 from both alleles
but still express one omb allele under OLR2 control (Brunner
et al., 1992).
In order to visualize the nature of the observed defects more
directly, we used the Gal4 enhancer trap line Mz826-Gal4 (Ito
et al., 1995), which drives expression in neurons projecting
through the IOC. In head sections of adult flies, in which
cytoplasmic lacZ expression was driven by Mz826-Gal4,
we observed aberrant fiber crossing through the IOC in
only 3% of wild-type hemispheres (Fig. 1B), while 47% of
In(1)ombH31 mutant hemispheres showed a disruption of the
IOC (Fig. 1C). These numbers are in good agreement with
a previous assessment based on paraffin histology (Brunner
et al., 1992).
In order to correlate this neuroanatomical defect with
changes in OMB expression caused by lack of parts of
the OLR, we compared wild-type, In(1)ombH31/Df(1)rb5 and
In(1)ombH31 specimen. The inversion In(1)ombH31 eliminates
the regulatory regions OLR2+3 from the omb locus. No
chromosomal aberrations selectively deleting OLR2 are
available. Therefore, we also used In(1)ombH31/Df(1)rb5
transheterozygotes, which are homozygously deficient only
for OLR3, to investigate the influence of OLR3 alone. Staining
with anti-OMB antiserum revealed that in In(1)ombH31 the
OMB expression pattern was largely unchanged, except
expression in two groups of cells. In the first group, which is
located within the medulla cortex, the number of OMB-positive
cells was variably reduced. This phenotype was strongest in
mutants lacking both OLR2 and OLR3 (Fig. 2C). In
heteroallelic In(1)ombH31/Df(1)rb5 mutants in which OLR2 is
still present (Fig. 2B), we observed a reduction in the size of
the field of OMB-positive cells, indicating that OLR3, in
addition to OLR2, is involved either in driving omb expression
in this group of cells or in specifying their cell fate.
The second group is located at the border between medulla
and the lobula complex (Figs. 2D, E). This is the position of the
previously described inner optic chiasm giant glia (ICg-glia)
(Boschert et al., 1990; Eule et al., 1995; Tix et al., 1997). In
In(1)ombH31, OMB was undetectable in these cells (Fig. 2F)
while OMB expression in the IOC of In(1)ombH31/Df(1)rb5
appeared wild type (26.7±4.1 cells in the mutant IOC were
OMB positive). This number was not statistically different
(p=0.44) from the wild type with 27.0±2.5 OMB-positive cells
(n=6 for both genotypes). These numbers are in good
agreement with the counts obtained by Tix and colleagues
(1997). Thus, we conclude that the loss of OMB expression
from theses cells is caused specifically by deletion of OLR2 and
is not affected by loss of OLR3 (see diagram in Fig. 2).An enhancer element derived from OLR2 is active in ICg-glial
cells
The OLR2 contains some 20 kb of genomic sequence. In
order to identify regulatory elements required for expression in
ICg-glia, we dissected this region into 7 smaller non-over-
lapping fragments, termed ombB to ombH, ranging from 2.8 to
6.1 kb (Fig. 1A) and analyzed their ability to drive reporter gene
expression in transgenic flies. We obtained consistent expres-
sion patterns in several independent insertion lines of six
constructs. ombD was inactive in all transgenic lines (data not
shown). Transgenic flies carrying the 6.1-kb genomic fragment
C showed expression in ICg-glia (Fig. 3B). In addition, ombC-
lacZ was active in the marginal lamina glia (Fig. 3A). None of
the constructs were active in the medulla cortex. Despite the fact
that ombC enhancer activity overlapped the endogenous OMB
expression in marginal glia, there was no obvious change in
OMB expression in these cells in the OLR2+3 deficiency
mutant In(1)ombH31, indicating redundancy for this part of the
expression pattern (data not shown).
OMB expression is not restricted to glia but is also found in
neurons (Poeck et al., 1993). In order to verify glial cell identity
of the OMB-positive cells in the IOC region labeled by ombC
activity, we performed double stainings with the general glial
cell marker Repo (Campbell et al., 1994; Halter et al., 1995;
Xiong and Montell, 1995) (Figs. 3C and D) and with 3-66-lacZ,
an enhancer trap insertion which is active in ICg-glia and
elsewhere in the optic lobes (Tix et al., 1997) (Figs. 3E and F).
Expression of both markers was found to completely overlap
with OMB expression in marginal glia and in the cells found in
the IOC between medulla and lobula complex, confirming their
identity as ICg-glia.
IOC disruption caused by lack of OLR2+3 can be rescued by
restoring omb expression in ICg-glia under control of the
ombC enhancer
Identification of the marginal- and ICg-glia-specific ombC
enhancer allowed us to test whether omb expression in these
cells would rescue the disruption of the adult IOC caused by the
lack of OLR2+3. To answer this question, we generated ombC-
Gal4 transgenic flies. We verified that also in these transgenic
animals the ombC enhancer was active in ICg-glia (Supple-
mentary Fig. 1). Next, we quantified the integrity of the IOC in
adult head sections of animals lacking OLR2+3 (Fig. 4A) and
in animals of the same mutant background in which omb
expression was restored by the transgene combination ombC-
Gal4+UAS-omb (ombCNomb) (Fig. 4B). We found a drastic
improvement of the IOC phenotype in these rescue animals
compared to In(1)ombH31 mutant flies (Fig. 4C; see Supple-
mentary Fig. 5 for a detailed description of IOC defect
categories used for this quantification). Thus, expression of
the transcription factor OMB in ICg-glia can non-autonomously
rescue the neuronal IOC misprojection defect. OMB expression
could control glial function in IOC formation on several
different levels such as glial cell specification, survival,
migration, morphology and display of guidance molecules.
Fig. 2. Lack of OLR2 causes a loss of larval omb expression from ICg-glia. (A–F) OMB expression in third instar optic lobes as monitored by immunostaining with
anti-OMB (white in panels A–C, red in panels D–F). OMB expression is altered in omb allele combinations in which OLR2+3 is lacking from both chromosomes.
Confocal sections of whole mount larval hemispheres. (A, D) Wild-type, (B, E) In(1)ombH31/Df(1)rb5, (C, F) In(1)ombH31. The schematic drawings of the OLR
underneath the panels illustrate the presence (in color) or absence (in white) of OLR regions in the genotypes. Only in In(1)ombH31, OLR2 is missing from both alleles.
(A–C) Maximum intensity projections of all sections containing OMB-positive (white) cells within the medulla cortex (aMC-OMB+ cells). Red arrows in panels A–C
indicate the dorsal and ventral margins of this crescent-shaped field of cells. The most lateral OMB-positive cells in the medulla cortex are found at the same level as
the lamina marginal glia (white arrow). In In(1)ombH31, only few aMC-OMB+ cells remained (C). In this genotype, the range of confocal sections was chosen to
include the lamina marginal glia and the most medial OMB+ cells at the border between optic lobes and central brain (red dashed outline). (D–F) Individual confocal
sections of double stained larval hemispheres, with anti-OMB in red and the neuropil marker anti-HRP in green. Sections were chosen to contain both the medulla (M)
and the lobula complex neuropil (L) as labeled by anti-HRP staining. The white arrows point to the position of the inner optic chiasm giant glia (ICg-g), which are
OMB positive in panels D and E but lack staining in panel F. (G) Schematic presentation of a third instar optic lobe (OL) in horizontal view. This orientation is
perpendicular to all the confocal images shown here and in the subsequent figures (compare Cutforth and Gaul, 1997). OMB-positive cell types are in red, neuropil
regions in green. Lines labeled 1, 2 and 3 indicate planes of z-sections collected from whole mount preparations: Panels D–F show optical sections at level 2; panels
A–C show maximum intensity projections of a stack of sections (blue box) beginning at position 1 and ending at 3.
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ICg-glial identity
In order to analyze whether the apparent loss of OMB
expression in ICg-glia in OLR2-deficient mutants is caused by
the lack of these cells, we used three molecular markers
expressed in this cell type: Repo, 3-66-lacZ and ombC-lacZ. Inwhole mounts of third instar optic lobes counterstained with the
neuropil marker anti-HRP, expression of all three markers could
be detected in the absence of OLR2 (Figs. 5B–D). As indicated
by the expression of the general glial cell marker Repo, these
cells retained their glial cell identity (Fig. 5C). Mutant ICg-glia,
in which OMB is not expressed, persisted until the adult stage,
maintaining ombC- and 3-66-lacZ-activity and Repo expression
Fig. 3. An enhancer element derived from OLR2 is active in larval optic lobe
glial cells in a pattern that overlaps with OMB expression. Confocal section
through third instar larval optic lobes. (A, B) Single confocal sections. The
enhancer reporter construct ombC-NLS-lacZ drives expression of nuclear beta-
galactosidase (green in panels A and B) in marginal glia (Ma-g, A) and in glial
cells of the IOC (ICg-g, B) both of which also express OMB (anti-OMB in red in
panels A–F). Verification of glial identity of OMB-positive cell populations by
double staining with anti-Repo (green in panels C and D) and with anti-beta-
galactosidase in the enhancer trap line 3-66-lacZ (green in panels E and F). (C
and E) Maximum intensity projections of a stack of sections chosen to contain
the entire marginal glial cell layer. (D and F) Maximum intensity projections of a
range of sections continuous to the one shown in panels C and E and extending
to the level of the medial-most ICg-glia. The position of the medulla neuropil
(M) is indicated in panels B, D and F.
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however, reduced in In(1)ombH31 compared to wild-type brains.
ICg-glial number was measured by counting the number of
Repo-positive cells in series of frontal cryostat sections
encompassing the IOC (Supplementary Fig. 2). In wild type,
22 cells per IOC were counted (n=14, ±4.4), in In(1)ombH31,
17 cells per IOC (n=12, ±4.0). The difference is significant at
p=0.011 (Student's t-test).
Adult ICg-glial cell position and morphology are altered by
lack of OMB
The reduced number of ICg-glia in In(1)ombH31 suggested
that trans-chiasm misprojections might be caused by gaps in theglial array. To test this hypothesis, we visualized both the axonal
projection of Mz826-positive neurons and ICg-glial cells in
frontal sections of adult brains. In wild-type (data not shown)
and In(1)ombH31 heterozygotes (Figs. 6A and B), ICg-glia were
confined to the chiasm, intercalated between axonal tracts. In In
(1)ombH31, individual glial nuclei were found to invade the
lobula neuropil, lying on the path of misprojecting fibers (open
arrows in Figs. 6C and D). Mispositioned glial nuclei were
associated with aberrant fiber projections and vice versa. Given
that the misprojection phenotype could be rescued by restoring
omb expression to omb-mutant ICg-glia (Fig. 4), this strongly
suggests that the aberrant position of ICg-glia is the primary
cause of the misprojection phenotype. Glial nuclei were,
however, not observed at the leading edge of the misprojection
(solid arrows in Figs. 6C and D). If axonal projections were
misguided by displaced glia, one would expect misguidance
cues to be presented on glial cytoplasmic extensions that reach
deeper into the lobula neuropil, beyond the position of the glial
nuclei. Because the available tools for selectively visualizing
trans-chiasm axonal projections (Mz826-Gal4) and IOC-glia
(ombC-Gal4) are both Gal4 lines they could not be used in
double staining experiments. We visualized the morphology of
ICg-glia in ombCN lacZ flies by anti-β-galactosidase staining.
In wild-type adult brains, the outlines of ombC-positive glia
could be enveloped by a smooth curve (Fig. 7B). In In(1)
ombH31 mutant brains, multiple processes penetrated into the
lobula (Figs. 7C and D). Aberrant gliopodia were not yet
apparent in third instar larval optic lobes where both wild-type
and In(1)ombH31 ICg-glia send short processes of similar length
and number into the lobula complex neuropil (Supplementary
Fig. 3). We were able to rescue the adult ICg-glial cell
morphology defect (Fig. 7A) as well as adult glial cell body
displacement (Fig. 7I) in In(1)ombH31 hemizygous males by
expressing omb in ICg-glia under control of the ombC-Gal4
driver (Fig. 7E).
Loss of OMB from ICg-glia separating the medulla and
lobula complex neuropil might render the boundary between
these neuropils defective. In order to test this hypothesis, we
visualized the position of neuronal cell bodies in the adult cortex
surrounding medulla and lobula plate neuropil in wild-type and
In(1)ombH31 adult optic lobes. We did not detect neuronal cell
bodies inappropriately invading the neuropil adjoining the IOC,
indicating the intactness of the involved compartment bound-
aries (Supplementary Fig. 4).
Development of the IOC defect
In order to understand the development of the IOC defect, we
sought to identify the earliest onset of axonal misprojections as
labeled byMz826-Gal4-driven lacZ expression. At 42 h of pupal
development, we did not observe fibers cutting aberrantly into
the lobula neuropil in brain whole mounts of either In(1)ombH31
heterozygotes (8 hemispheres) or In(1)ombH31 hemizygous
males (11 hemispheres) (Figs. 8A and B). The earliest time
point, at which we observedMz826N lacZ-positive fiber bundles
invading the lobula neuropil, was at 72 h of pupal development.
In frontal sections of In(1)ombH31 hemizygous males, 11 out 18
Fig. 4. Disruption of the IOC caused by deletion of OLR2 can be rescued by omb expression in ICg-glia. (A, B) Paraffin frontal adult head sections were collected and
photographed under a fluorescence microscope, using autofluorescence to monitor neuropil integrity. The IOC defect in In(1)ombH31 mutants (white arrowheads in
panel A) can be rescued by omb expression driven by the ombC enhancer (B). The IOC phenotype was scored in four categories (Brunner et al., 1992). The percentage
of hemispheres falling into the four phenotype categories is shown in panel C (n=76 for In(1)ombH31, n=84 for In(1)ombH31;ombC-Gal4;UAS-omb). Wild-type flies
analyzed by this technique showed no defects confirming previous findings (Brunner et al., 1992).
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none of the 18 hemispheres of In(1)ombH31 heterozygotes
showed aberrant projections ofMz826blacZ-positive fibers (Fig.
8C). The onset of the IOC defect must therefore lie between 42
and 72 h of pupal development. We next asked which of the two
ICg-glial cell defects, aberrant glial cell morphology and/or glial
cell body displacement, was already apparent at 72 h of pupal
development. Using ombCN lacZ as a marker, we did not
observe an increase in number and length of glial cell processes
within the lobula, as opposed to the adult stage. ICg-glial cell
body displacement, however, was already apparent at this
developmental stage (Fig. 7I), in 68% of In(1)ombH31 hemi-
zygous males (n=28 hemispheres) (Figs. 7G and H). None of 28
analyzed hemispheres of wild-type animals showed displaced
glial cell bodies within the lobula neuropil (Fig. 7F).Discussion
omb expression in ICg-glia is necessary and sufficient for
normal fiber projection across the IOC
Heteroallelic In(1)ombH31/Df(1)rb5 flies completely lack the
omb optic lobe regulatory region OLR2 and display a disrupted
inner optic chiasm in the adult brain (Brunner et al., 1992).
Here, we show that this defect is caused by a loss of OMB
expression from giant glial cells within the larval inner optic
chiasm (ICg-glia). We identified a 6.1-kb OLR2 subfragment,
named ombC, which drives expression in ICg-glia as well
as in lamina marginal glia. In animals lacking OLR2, only
the ICg-glia, not the marginal glia showed a loss of OMB
expression. Therefore, OMB expression inmarginal glia must be
Fig. 5. Lack of OMB expression in ICg-glial cells does not cause loss of glial
cell identity. (A–D) Confocal sections of In(1)ombH31 third instar larval optic
lobes. The level of each z-section along the lateral–medial axis was chosen to
contain both medulla (M) and lobula complex (L) neuropils (labeled by anti-
HRP staining in green). White arrows point to ICg-glia. While anti-OMB
immunoreactivity (red in panel A) is lost from the ICg-glia, expression of the
glial marker constructs ombC-lacZ (B) and 3-66-lacZ (D) is retained as
monitored by anti-β-galactosidase staining (red in panels B and D). ICg-glia
remain positive for the glial protein Repo (red in panel C). (E, F) ICg-glia
survive until the adult stage. Anti-beta-galactosidase staining (brown HRP
product) on adult frontal brain sections of animals carrying the ombC-NLS-lacZ
marker construct. Wild type (E), In(1)ombH31 (F).
Fig. 6. Aberrant positioning of omb mutant ICg-glia correlates with axonal
misprojection. Confocal images of frontal cryostat sections of adult brains. Glial
nuclei are identified by anti-Repo staining (green). Neurites projecting through
the IOC are visualized by anti-β-galactosidase staining (magenta). (A, B)
Normal location of Repo-positive cells and regular projection pattern of Mz826-
positive neurons in In(1)ombH31/+;Mz826N lacZ flies. (C, D) In(1)ombH31/Y;
Mz826N lacZ flies. Displaced ICg-glia (open arrows) are found within the lobula
neuropil coinciding with aberrant Mz828 neuron fiber tracts (solid arrows).
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fragment containing the endogenous omb promoter drove
reporter gene expression in a large number of cells, including
the marginal glia (data not shown).
OMB expressed under ombC enhancer control in the
OLR2+3 mutant background can rescue the adult IOC defect.
The ombC enhancer is active in both marginal and ICg-glial
cells. Since, in the OLR2+3 deficiency mutant, OMB expres-
sion is lost only from ICg-glia and not from marginal glia, the
latter appear not to be involved in IOC formation. In third instar
larval optic lobes of In(1)ombH31, OMB expression is also lost
from a subset of cells in the medulla cortex. None of the genomic
DNA fragments derived from OLR1-3 drove reporter gene
expression in this group of cells (data not shown). It is possible
that an enhancer active in this expression pattern was destroyedby our particular choice of restriction sites in the dissection of
OLR2 or that the relevant enhancer cannot interact with the
minimal promoter used in the enhancer reporter constructs. Such
incidences of promoter dedication have been described (Merli et
al., 1996). Since the ombC enhancer is not active in medulla
cortical cells but can rescue the IOC defect we assume that these
cells, like the lamina marginal cells, are not required for proper
IOC formation. We therefore conclude that expression of omb in
ICg-glia is necessary and sufficient for proper projection of the
affected axonal tracts across the inner optic chiasm.
The IOC phenotype
The IOC defect was originally recognized by paraffin
histology (Brunner et al., 1992). In order to analyze this defect
in more detail, we screened a small collection of Gal4 enhancer
trap lines for expression in neurons that project through the
IOC. In this search, we identified the line Mz826. While we
could not determine in which of the known optic lobe neurons
(Fischbach and Dittrich, 1989) Mz826 is expressed, the main
direction of information flow through the optic lobes suggests
that the incisions of fiber tracts into the lobula neuropil are
caused by inappropriate projections from the medulla to the
lobula (and not vice versa).
In the wild-type IOC, neurites from medulla columns are
bundled as they emerge from the medulla neuropil and
defasciculate again when they enter the neuropil of the lobula
complex. One aspect of the In(1)ombH31 IOC phenotype
appears to be a defect in defasciculation of the fiber tracts that
Fig. 7. ICg-glia display aberrant morphology and positioning in the absence of OMB. (A) Quantification of ICg-glial cell processes within the adult lobula complex
neuropil visualized by anti-β-galactosidase staining of ombCN lacZ. Frontal adult head sections of 14 μm thickness were collected. In each section containing the IOC
as identified by the presence of staining for ombCN lacZ, glial cell processes were counted and subsequently added up for the total number per hemisphere. In(1)
ombH31 mutant brains showed an increased number of glial processes (10±4, n=21 hemispheres) as compared to wild type (2±3, n=9 hemispheres). Expression of
omb in ICg-glia under ombC-Gal4 control in an In(1)ombH31 mutant background rescued the gliopodia defect back to wild-type level (2±3, n=22 hemispheres). (B–
E) Frontal cryostat sections of adult brains. ICg-glial morphology was visualized by expressing cytoplasmic β-galactosidase (brown HRP-product) under ombC-Gal4
control. (B) ombCN lacZ, (C, D) In(1)ombH31/Y;ombCN lacZ, (E) In(1)ombH31/Y;ombC-Gal4;UAS-lacZ/UAS-omb. In(1)ombH31 mutant ICg-glia showed an
increased number of processes invading the lobula complex neuropil (indicated by “L”). Black arrows in panels C and D indicate some of these processes.
ombCN lacZ-positive glial cell bodies could be found within the lobula complex neuropil (red arrow in panel D). (E) Expression of OMB under ombC-Gal4 control
reduces the number of glial cell processes in the lobula complex neuropil to wild-type levels. (F, G) Frontal cryostat sections of pupal brains 72 h after puparium
formation (APF). ICg-glia were visualized by expressing cytoplasmic β-galactosidase (brown HRP-product) under ombC-Gal4 control. (F) ombCN lacZ, (G, H) In(1)
ombH31/Y;ombCN lacZ. In In(1)ombH31 mutant (G, H) but not in wild-type animals (F), ombCN lacZ-positive glial cell bodies (red arrow in panels G, H) were
displaced into the lobula complex neuropil (indicated by “L”). (I) Quantification of the glial cell body displacement defect in adult (red bars) and pupal brains 72 h APF
(orange bars). ICg-glia were visualized by anti-β-galactosidase staining of ombCN lacZ. Frontal head sections of 14 μm thickness were collected. Hemispheres
containing at least one cell body within the lobula complex neuropil were scored. While in wild-type brains ICg-glia could not be found within the lobula complex
neuropil at either 72 h APF (n=28) or at the adult stage (n=10), they were frequently found inside the lobula complex neuropil in In(1)ombH31 mutant brain
hemispheres at 72 h APF (68%, n=28) and at the adult stage (63%, n=19). Glial cell body displacement in In(1)ombH31 mutants was decreased to 11% (n=22) by
expression of omb in ICg-glia under ombC-Gal4 control at the adult stage.
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Fig. 8. The IOC axonal misprojection defect arises between 48 h and 72 h of
pupal development (A–D). IOC integrity was assayed by visualizing the
projections of Mz826-positive neurons by anti-β-galactosidase staining
(magenta). Optic lobes were counterstained with mAB Nc82 (green in panels
A, B) or anti-HRP (green in panels C, D). (A, B) Frontal confocal sections of
48 h APF pupal brain whole mounts did not show Mz826N lacZ-positive fibers
within the lobula complex neuropil (labeled “L”) in either In(1)ombH31/+
heterozygous (A, n=8) or In(1)ombH31/Y hemizygous mutant hemispheres (B,
n=11). (C, D) Images of immunofluorescence stained frontal cryostat sections
of 72 h APF pupal brains. (C) Regular projection pattern of Mz826-positive
neurons in In(1)ombH31/+ heterozygotes (n=18). (D) In 61% of In(1)ombH31/Y
hemizygous mutant hemispheres (n=18), aberrant Mz826 neuron fiber tracts
(white arrow) were found within the lobula neuropil.
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systems, changes in fasciculation are characterized by glial
involvement. In the moth olfactory system, olfactory receptor
axons enter the CNS tightly bundled into two nerves. Upon
encountering a glia-rich sorting zone, axons defasciculate and
reorganize into smaller fascicles that project towards individual
glomeruli. Glial cells are essential for this process (Rossler et al.,
1999). In the fly visual system, a cycle of fasciculation,
defasciculation and refasciculation occurs between retina and
lamina providing the anatomical basis for neural superposition
(Braitenberg, 1967). This reorganization occurs over a distance
of only a few cell body diameters in a region characterized by the
spatial succession of four glial cell types (Saint Marie and
Carlson, 1983).
Since the omb IOC defect can be observed by low
resolution paraffin histology, it is unlikely that only a minor
subpopulation of axon types, which project through each layerof the IOC is affected. There is only indirect evidence
regarding the organismic consequences of this local misrout-
ing. In In(1)ombH31, OLR2 and OLR3 are removed from the
omb transcription unit. Loss of OLR3 alone leads to the
namesake “optomotor-blind” behavioral defect which is
caused by the lack of ten giant interneurons from the lobula
plate (the horizontal and vertical system cells, HS and VS
cells). In In(1)ombH31 mutant animals, the severity of the
optomotor defect does not correlate with the severity of the
IOC defect (Brunner et al., 1994). This appears to indicate that
the IOC defect does not contribute to this behavioral
dysfunction. There are several potential reasons for this
finding: First, the misprojecting neurons may not be involved
in optomotor behavior. Second, if they are involved, the
processing of only a small fraction of the visual input would
be disturbed because, in a given fly, misprojection is only seen
in a fraction of IOC layers. This should have little influence
on large field optomotor behavior. The HS cells, which
mediate the response to horizontal visual motion, are down-
stream in the flow of information with respect to fibers
crossing the IOC. The finding that HS cells have response
amplitudes that are nearly invariant to stimulus size when a
large part of the eye is stimulated indicates the robustness of
optomotor behavior (Hausen, 1982; Hausen and Wehrhahn,
1989). Third, the effect of lack of OLR2 could so far not be
measured in isolation but only in combination with loss of
OLR3. Since lack of OLR3 causes loss of the HS and VS
cells, which are essential for optomotor behavior, this defect is
likely to be epistatic to defects caused by the lack of OLR2.
Lastly, the affected axons may reach their appropriate target
areas and connect to their appropriate postsynaptic partners in
spite of their irregular projection through the IOC. In mutants
of several other genes in which projection across the outer
optic chiasm (OOC) is affected, it was observed that nerve
bundles from the lamina were able to reach their correct target
area in the medulla in spite of using a widely circuitous route.
This is most clearly seen in animals with irregular chiasm
C (irreC) mutations (Boschert et al., 1990; Ramos et al.,
1993). irreC-roughest encodes a homophilic cell adhesion
molecule of the immunoglobulin superfamily, which is widely
expressed, in particular on recently formed fiber bundles that
cross the inner and outer optic chiasm. However, irreC is not
expressed in ICg-glia (Schneider et al., 1995). Irregular
connections between lamina and medulla, which circumvent
the OOC but appear to project to the normal target area, were
also seen in other mutants with more severe brain disorga-
nization (e.g. Brunner et al., 1994; Garen and Kankel, 1983;
Gonzalez et al., 1989; Rachidi et al., 1997).
Projection defects in the region of the IOC have been
observed in irreC (which affects both chiasms, see above), in a
hypomorphic allele combination of single minded (sim), and in
mutants of the Broad Complex and its target gene H217
(Boschert et al., 1990; Liu and Restifo, 1998; Pielage et al., 2002;
Restifo and White, 1991). IOC defects cannot only be caused by
defective ICg-glial cells, as in the case of In(1)ombH31, but also
by defects in the interacting bundles of neurons, since neither
irreC (Schneider et al., 1995) nor sim (Pielage et al., 2002) are
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relatively specific IOC defect, the phenotype is caused by
hypomorphic or regulatory amorphic alleles (irreC, sim, omb),
indicating that, so far, no genes have been identified that
exclusively control IOC development. This confirms conclu-
sions drawn from the analysis of Drosophila behavioral mutants
that, in brain development, there are few genes dedicated to the
development of just a single structure (Pflugfelder, 1998). In
In(1)ombH31 and in the mutants mentioned above, only a
fraction of the IOC layers is disturbed. While penetrance of the
IOC defect as assayed by paraffin histology is nearly complete
(Fig. 4C), its expressivity varies. It appears that proper glial
positioning is safeguarded by more than one molecular system.
Such a redundancy of guidance systems has been demonstrated
for the role of EGFR and PVR in Drosophila border cell
migration (Duchek et al., 2001).
In none of the cases cited, the developmental reasons for
misprojection across the optic chiasms are understood to a
satisfactory degree. In the case of the omb heteroalleles that
lack OLR2, it is clear that glial function is essential for the
establishment of a normally structured IOC. ICg-glia appear to
present a local attractive cue that causes axons to navigate
through the IOC in close contact with glial surfaces. In In(1)
ombH31, a fraction of the ICg-glia, which lack OMB, are
displaced from the IOC into the neuropil of the lobula
complex. If omb mutant ICg-glia aberrantly maintain the
presentation of attractive cues, axon fascicles will be drawn to
aberrant positions generating the incisions visible in paraffin
histology. omb is expressed in several populations of
migratory glial cells in the Drosophila visual system but it
is not yet known how glial migration is affected by loss of
omb (Dearborn and Kunes, 2004; Poeck et al., 1993;
Rangarajan et al., 1999). The reduced number of ICg-glia
found in In(1)ombH31 compared to wild-type adult brains
suggests that glial migration is already disturbed on the path
between the glial proliferation centers and the IOC target area
(Dearborn and Kunes, 2004).
At 72 h APF, the earliest time point at which we observed
aberrant Mz826-positive fibers cutting into the lobula complex
neuropil, we saw displacement of glial cell bodies at levels
similar to the adult stage, but no obvious difference in glial cell
morphology. Therefore, glial cell mispositioning is likely to be
the primary cause of the IOC defect. In Drosophila brain
development, much of the adult connectivity is established
during metamorphosis (Dumstrei et al., 2003). Thus, changes in
glial cell positioning that occur in the pupal stage could affect
CNS patterning. The change in length and frequency of
gliopodia in In(1)ombH31 mutant must occur between 72 h
APF and eclosion. At 72 APF, we did not observe hemispheres
with strong IOC defects and few with intermediate defects (data
not shown) and it is therefore possible that glial cell morphology
influences the severity of the IOC phenotype during the last 24 h
of pupal development.
Given the position of ICg-glia between three neuropils,
these cells might also be involved in neuropil compartmenta-
lization as described for neuropil glia in the central brain
where compartments are separated by extensive glial sheaths(Pereanu et al., 2005; Younossi-Hartenstein et al., 2003). We
consider such a role unlikely for the ICg-glia because, ultra
structurally, ICg-glia are typical fiber tract glia with lamellar
extensions wrapping adjacent fiber bundles (Tix et al., 1997).
Furthermore, in wild type, the cellular extensions produced by
ICg-glia are relatively short and highly regular. Lastly,
disturbance of ICg-glial function by loss of omb expression
apparently did not cause compartmental disruptions of the type
described previously (Fan et al., 2005; Tayler et al., 2004)
(Supplementary Fig. 4).
Perspectives
Investigation of the molecular and developmental conse-
quences of OMB loss from ICg-glia appears to be a promising
approach to elucidate one of possibly several systems that
safeguard chiasmata projections. The availability of ombC-Gal4
with a highly restricted expression pattern in a subpopulations
of glia in the developing fly visual system will allow the
selective manipulation of gene activity in these cells, for
example by RNAi.
omb encodes a T-domain transcription factor with yet
uncharacterized transactivation and repression functions
(Porsch et al., 2005). Potential target genes could therefore be
either activated or repressed in cells where OMB is active. Our
results only allow to rule out regulation by OMB of three genes
(or their enhancers): Repo, 3-66-lacZ (odd-paired) and ombC
because (reporter-) gene expression remains active in ICg-glia
in the absence of omb function. To our knowledge, only one
gene with preferential expression in ICg-glia has been
described: argos (aka. giant lens). Argos is a secreted antagonist
of EGFR signaling (Klein et al., 2004) and shows a relatively
restricted expression pattern in the developing Drosophila
visual system. In argos mutant animals, the visual system is
severely disorganized including misrouting defects in the outer
optic chiasm (Brunner et al., 1994). Whether projections across
the IOC are also affected in argos has not yet been determined.
Such potential IOC defects would be independent of omb since
argos remains expressed in ICg-glia in In(1)ombH31 (K.H.
unpublished observations).
Activity of the ombC enhancer within the ICg-glia is likely
to be controlled by a transcription factor, mutations of which
should also affect IOC integrity. The DNA binding sites for two
glial cell specific candidates, REPO and glide/gcm (Hosoya et
al., 1995; Jones et al., 1995) have been identified. The ombC
enhancer sequence does not contain a glide/gcm consensus
binding site 5′-AT(G/A)CGGG(T/C)-3′ (Akiyama et al., 1996;
Schreiber et al., 1997). REPO has been shown to bind a 5′-
CAATTA-3′ motif in vitro (Halter et al., 1995). This 6
nucleotide motif is present 4 times in the 6080-bp ombC
sequence, while statistically it should be expected only 1.5×
within any 6 kb sequence. It is therefore possible that omb
expression in ICg-glia is controlled by REPO through the ombC
enhancer. However, the CAATTA motif is also a target site for
other homeodomain proteins such as FTZ and EN (Desplan
et al., 1988; Schier and Gehring, 1992), and specificity is pro-
bably controlled by additional co-factors (Yuasa et al., 2003).
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chiasm (OC) is a midline structure where axons from both eyes
have to decide whether to innervate the contralateral hemisphere
or whether to stay ipsilateral. The mammalian OC, too, is
characterized by a complex glial architecture, including a
central palisade of radial glial processes (Jeffery, 2001). In spite
of their identical names, the fly and mammalian optic chiasmata
are apparently non-homologous structures. Given the conserved
expression of OMB and its closest vertebrate homologues
(Tbx2, 3, 5) in fly and vertebrate eye development (unpublished
observations), it will nonetheless be of interest to learn whether
members of the Tbx2 subfamily are expressed in glial cells of
the mammalian visual system.
Materials and methods
Genetics
The following stocks were used: In(1)ombH31 (Heisenberg et al., 1978), Df
(1)rb5 (Banga et al., 1986; Pflugfelder et al., 1990), 3-66-NLS-lacZ (an enhancer
trap insertion in odd paired; Tix et al., 1997), UAS-lacZ (cytoplasmic) and
UAS-NLS-lacZ (Bloomington, http://flystocks.bio.indiana.edu), Mz826-Gal4
(a gift from Gerd Technau) and UAS-omb (Grimm and Pflugfelder, 1996).
Transgenes
The ombC enhancer fragment was subcloned from genomic DNA contained
in lambda phage XIII.48 (Pflugfelder et al., 1990). A 6.1-kb EcoRI–SalI
restriction fragment was cloned into two different P-element reporter vectors:
CPLZ (a gift from S. Crews and K. Wharton) to yield ombC-NLS-lacZ and
p221-4 (a gift from E. Knust and F. Grawe) to yield ombC-Gal4.
Immunohistochemistry
Primary antibodies used were polyclonal mouse anti-OMB at 1:1000, rabbit
anti-β-galactosidase at 1:1000 (Cappel), rat anti-Repo at 1:200 (Campbell et al.,
1994), mouse anti-Repo 8D12 at 1:10 (DSHB), mouse nc82 at 1:20 (DSHB) and
rat anti-Elav 7E8A10 at 1:100 (DSHB). Secondary antibodies and fluorescent-
conjugated anti-HRP antibodies (both from Jackson ImmunoResearch) were
used at 1:250. Staining for ombCN lacZ in 72 h APF and adult head sections was
intensified by use of the Vectastain ABC kit (Vector Laboratories, Inc.,
Burlingame, CA). Brain whole mounts were dissected in ice cold 1× PBS and
fixed in 2% formaldehyde (30 min at room temperature for third instar larvae
and overnight at 4 °C for 48 h APF pupal brains). All subsequent washes and
incubations were performed in 1× PBS with 1% Triton-X. Stained brains were
mounted in Vectashield mounting medium H-1000 (Vector Laboratories, Inc.,
Burlingame, CA). Fluorescent images were collected on a Leica TCS NT
confocal microscope and processed using AMIRA (www.amiravis.com) and
ImageJ (http://rsb.info.nih.gov/ij/) visualization software as well as PHOTO-
SHOP (Adobe Systems, San Jose, CA). Fluorescent images of 72 h APF pupal
brain cryostat sections were collected using the Zeiss Axiovert 200 M
microscope and Axiovision Rel 4.6 software. Adult head paraffin sections and
quantification of IOC defects were performed as described by Brunner et al.
(1992). Immunostainings of 72 h APF and adult head cryostat sections were
performed as described by Newsome et al. (2000).
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